The carrier spin dynamics in ZnO is investigated by time-resolved optical orientation experiments. We evidence a clear circular polarization of the donor-bound exciton luminescence in both ZnO epilayer and non-intentionally doped bulk ZnO. This allows us to measure the localized hole spin relaxation time. We find τ s h ∼350 ps at T=1.7 K in the ZnO epilayer. The strong energy and temperature dependences of the photoluminescence polarization dynamics are well explained by the fast free exciton spin relaxation time and the ionization of bound excitons.
Wide bandgap oxide semiconductor ZnO and its related heterostructures have raised substantial interest in the optoelectronics-oriented research field in the blue/ultra-violet range 1 . Besides, with a small spinorbit coupling and a very large exciton binding energy, ZnO represents a potential candidate for roomtemperature spintronic applications. Room-temperature ferromagnetism has also been predicted for dilute-Mndoped ZnO 2 . However, only few measurements on the carrier spin dynamics in bulk or even nanostructured ZnO have been published to date. Ghosh et al. have investigated the electron spin properties in n-type ZnO structures 3 and found an electron spin relaxation time varying from 20 ns to 190 ps when the temperature increases from T=10 to 280 K. Room-temperature electron spin relaxation as long as 25 ns has also been measured by electron paramagnetic resonance spectroscopy in colloidal n-doped ZnO quantum dots 4 . To the best of our knowledge, neither the exciton nor the hole spin dynamics in ZnO have been measured yet. Indeed, two experimental issues arise: (i) the small value of the spin-orbit coupling energy (9-16 meV 5, 6 ) imposes strictly-or quasi-resonant optical excitation conditions 7 in the near-UV to create an exciton spin polarization; (ii) the direct measurement of the free hole spin relaxation by pump-probe measurements would require the fabrication of stable p-doped samples 8, 9 , which remains a challenge in ZnO 10 . In order to investigate the hole spin dynamics in ZnO, we have studied the polarization properties of the exciton bound to neutral donors. Since this complex consists of a singlet of electrons and a hole, its spin-polarization is directly determined by the orientation of the hole bound in the complex 11, 12, 13 . ZnO crystallizes in the wurtzite phase where the hexagonal crystal field ∆ cr and the spin orbit coupling ∆ so give rise to three doubly-degenerated valence bands, labelled A, B, C. The optical selection rules and oscillator strengths impose that only the transitions from the A and B valence bands are optically allowed when the light propagates along the c-axis of the crystal 5, 6, 11 . We present in this paper a detailed investigation of the optical orientation of excitons and holes in ZnO bulk and epilayer samples. By time-resolved photoluminescence (PL) experiments, we evidence (i) the fast free exciton spin relaxation time (τ s F X <10 ps) and (ii) the hole spin relaxation time (up to τ s h ∼350 ps) in the donor-bound exciton complex.
The samples under investigation have been grown by two different methods. This gives us the opportunity to generalize our results, independently from the growth conditions. Sample I is a high quality, nominally undoped, 1.1 µm thick epilayer grown on a α-sapphire (0001) substrate using an rf-plasma-assisted MBE system. The nitridation of the substrate surface has provided the growth of the single-domain Zn-polar ZnO epitaxial sample 14 . Sample II consists of a commercial bulk ZnO substrate submitted to an O-plasma treatment to improve the crystal quality of the surface.
Reflectivity experiments have been performed using a tungsten-halogen lamp focused onto the sample at normal incidence. In the time-resolved PL experiments, the excitation source is a mode-locked frequency-doubled Ti:Sa laser, with a 1.5 ps pulse width, a wavelength in the 350-380 nm range and a repetition frequency of 80 MHz. The laser beam propagating along the growth caxis is focused onto the sample to a 100 µm diameter spot with an average power P exc =0.5 mW 15 . The PL intensity is dispersed by an imaging spectrometer with a spectral resolution of 0.5 meV. The temporal and spectral properties of the signal are recorded by a S20 photocathode streak camera with an overall time-resolution of 8 ps. The excitation laser is circularly-polarized (σ + ) and the resulting PL circular polarization P c is calculated as:
Here, I + and I − are the PL intensity components co-and counter-polarized to the (σ + ) excitation laser. Figure 1 (a) and (c) present the reflectivity spectra at T=16 K of sample I and II, respectively. We clearly observe the absorption features corresponding to the free excitons F X A and F X B 5 . Figure 1 (b) and (d) display the dependence of the time-integrated PL spectra as a function of temperature under nonresonant conditions (E exc =3.450 eV). The ZnO luminescence is characterized by a rich structure of excitonic lines 16, 17 and is In sample II, the main line, labelled D 0 X A , is identified at 3.361 meV. The temperature evolution of the PL intensity on these lines allows us to identify them as excitons bound to neutral donors, as observed previously by different groups 10, 16, 17, 18 . Additionally, the dependence of the free exciton energy F X A as a function of temperature is clearly resolved. This latter attribution is indeed confirmed by the reflectivity spectra. LO-phonon replica are also identified in the low energy part of the spectra with E LO =72 meV 17 . Figure 2 presents the measured PL circular polarization dynamics following a circularly-polarized (σ + ) excitation of sample I when the detection is fixed on the D 0 2 X A energy position, at T=16 K. The laser excitation energy is tuned to 11 meV above the detection but below the F X A energy. The initial polarization P ini is measured 60 ps after the laser excitation so that it is not impacted by the polarized laser light backscattered by the sample surface. As the total electron spin of the donorbound exciton is zero, the measured PL circular polarization corresponds directly to the hole spin polarization. Assuming an exponential decay of the PL circular polarization dynamics P c ∼exp(-t/τ s h ), we directly determine the hole spin relaxation time τ s h ∼350 ps at T=16 K in sample I.
We have analysed the circular polarization P ini of the luminescence from the D ( Fig. 3(a) ) with a clear signature of the F X A and F X B free excitons. Under quasi-resonant conditions, i.e. when the excitation energy is set below the free exciton F X A energy, we measure a significant PL circular polarization. The peak value P ini =10 % is measured when the energy difference is ∆E=11 meV. No polarization within our temporal resolution is measured when the excitation is resonant with the F X A line. The degree of polarization becomes then negative when the excitation energy is tuned between the F X A and F X B energies. This negative value, i.e. opposite to the helicity of the excitation laser, has been carefully checked and will be discussed later. When the excitation energy is higher than the free exciton F X B energy, no more circular polarization is measured, as expected by the optical selection rules. Similar results were obtained on sample II, as shown in Fig. 3(c) , with a peak value (P ini ∼25 %) when E exc is tuned 10 meV above the detection energy.
We now describe the time-resolved results obtained when exciting at the energy that resulted in a maximum polarization for each sample. The detection is fixed at the bound exciton emission lines i.e. D Figure 4 shows the time evolution of the corresponding circular polarization as a function of temperature in the range 1.7 -35 K. For T=1.7 K, the polarization decay time is τ s h ∼350 ps and ∼100 ps on sample I and II, respectively. When the temperature increases by a few tens of kelvin, it drops drastically, i.e. τ age to observe any circular polarization of the PL within our temporal resolution under quasi-resonant excitation of the free exciton F X A . From this measurement, we can infer that the free exciton spin relaxation time τ ∼1 ps) 20, 21 , a material with similar electronic structure. Thus, we interpret the strong temperature dependence of the bound exciton circular polarization measured in both samples as a consequence of the quasi-equilibrium population distribution between the free and bound states. When the temperature increases, one electron and the hole of the donor-bound exciton can gain sufficient energy to be released as a free exciton. In the free phase, the optically active (J=1) exciton can efficiently loose its spin orientation and, when it is trapped again on the donor, both the electron and the hole have lost their initial spin orientation. This mechanism, alone, could explain the temperature dependence observed in Fig. 4 .
In order to have a better description of the mechanism, we use simple rate equations to characterize the evolution as a function of time and temperature of the free and bound exciton populations and their spin polarization (see insets in Fig. 4 and Fig. 5 ). Two main simplifying assumptions allow us to resolve analytically the system.
(i) The injected carrier density is low compared to the density of donors. This approximation is justified by the linear increase of the D 0 X A PL intensity as a function of excitation power P exc in the investigated range under non-resonant excitation conditions. We find 22 :
where n J=1 (n J=2 ) and S J=1 (S J=2 ) are the population and pseudo-spin densities of optically active J=1 (dark J=2) free excitons, respectively; n DX and S DX are the population and spin densities of bound excitons, respectively; τ F X (τ DX ) are the intrinsic recombination times of the free (bound) exciton; τ and τ s h are the spin relaxation time of the optically active free exciton and the localized hole, respectively. The capture and ionization times of excitons are given by τ capt and τ ion , respectively (see inset of Fig. 5) 23 . As the energy separation of the free and bound excitons is ∆E ∼15 meV in sample I and 13 meV in sample II, the ionization of bound excitons can be thermally activated via acoustic phonons. We can assume that τ capt and τ ion are linked by the relation:
where N D and N F X are the donor concentration and the equivalent density of free exciton states, respectively. In a simple approach, N F X can be written as:
where M * =0.85m 0 is the effective exciton mass 6 . (ii) The free exciton capture is shorter than the ionization of bound excitons and than the FX recombination (τ capt <τ ion , τ F X ). It comes that, after a short transient corresponding to the fast capture of the free excitons, the FX population and spin densities are directly governed by the ones on the donor levels, so that we can write:
Fig. 5 illustrates this mechanism, comparing the time evolution of the free (J=1) and bound exciton luminescence on sample I at T=20 K. The F X A PL decay is fitted by a bi-exponential law, where the first time gives a good approximation of the capture time (τ capt ∼10 ps) and the second time directly corresponds to the monoexponential PL decay of the D 0 X A line (τ DX ∼60 ps). Similar results were found on sample I.
Thus, we obtain first order differential equations to describe the bound exciton population and spin polarization, with the characteristic times τ P L DX and τ s DX , respectively given by:
The fitting procedure is the following. First, we use nonresonant PL experiments (E exc >F X A ) at T=1.7 K to measure the recombination times of the bound excitons (not shown). We find τ DX ∼60 ps for sample I and τ DX ∼160 ps for sample II. Using Eq. (8), we then calculate the temporal evolution of the total luminescence intensity of the bound excitons as a function of temperature. The fitting parameters are τ F X and N D ; a very good agreement between the experiments and the calculations is achieved for τ F X ∼50 ps and N D ∼5·10
15 cm −3 . This latter is a reasonable value compared to the density of residual n-doping in sample I.
Finally, we use the same set of parameters in the calculations of the temperature-dependent circular polarization dynamics of the bound excitons using Eq. (9) . The fitting parameters are the spin relaxation time of the free To complete the analysis, we now discuss the results displayed on Fig. 3(b) and (c). On both samples, the maximum polarization value is detected on the bound exciton for a selective excitation energy ∼11 meV above the neutral-donor energy. This corresponds to the resonant excitation of an excited state (labelled D * 2 X A in Fig. 3 (b) ) of the donor-bound exciton 25, 26 . The absence of a measurable polarization when the excitation energy is resonant with the free excitons, is consistent with the fast free exciton spin relaxation time (τ s F X <10 ps): the hole spin orientation is lost before the capture of the exciton by the donor. Regarding the negative polarization, measured when the excitation energy is tuned between the F X A and F X B excitons, a possible explanation is that this level corresponds to an excited state (labelled D * 2 X B in Fig. 3 ) of a donor-bound exciton constructed with a hole from the B valence band (D 0 X B ). The relaxation to the D 0 X A level can be achieved by the emission of an acoustic phonon: the momentum difference is compensated by the orbital part of the exciton wavefunction, leaving unchanged the spin contribution. Thus, the resulting PL polarization is negative (i.e. counter-polarized to the laser excitation) 27, 28 .
In conclusion, we have measured hole spin relaxation times as long as τ s h ∼350 ps at T=1.7 K when the holes are localized by a donor potential in ZnO. The spectral dependence of the measured PL polarization demonstrates the fast spin relaxation of the free excitons and the implication of holes from both the A and B valence bands.
These experimental data should stimulate theoretical investigations of the spin relaxation processes in ZnO.
